Unlike other members of the TGF␤ superfamily, the GFLs utilize a unique receptor system in which a common signaling component is used by multiple ligands and an additional protein (coreceptor) binds ligand with high affinity and provides specificity. The common sig- gagement with CD48, a T cell specific, GPI-linked pro-
.
The stoichiometry of the multimeric RET/GFR␣/GFL complex is likely to be (GDNF) 1 (GFR␣) 2 (RET) 2 (Jing et al., Given these data from other systems, we tested the hypothesis that the GPI anchor of GFR␣1 functions to 1996; Eigenbrot and Gerber, 1997). However, little is known about how the complex forms. To determine localize RET to lipid rafts, wherein interactions with raftassociated intracellular signaling molecules occur that whether RET is preassociated with GFR␣s prior to ligand stimulation or whether RET and GFR␣s associate only may enhance RET signaling.
To investigate the importance of the GPI anchor of in the presence of ligand, we transfected FLAG-tagged GFR␣1-GFR␣3 individually into the RET-expressing mu-GFR␣ coreceptors in RET signaling, we determined (1) whether GFR␣1 localizes RET to lipid rafts in response rine neuroblastoma cell line, Neuro 2a. The cells were then stimulated with the preferred GFL for each RET/ to stimulation with GDNF and (2) whether disruption of RET localization affects GDNF-mediated downstream GFR␣ pair (GDNF-GFR␣1, NRTN-GFR␣2, ARTN-GFR␣3). Immunoprecipitation of tagged GFR␣s with an antisignaling and bioactivity. We found that RET associates with lipid rafts via interaction with GFR␣1 in a ligand-FLAG antibody followed by immunoblot analysis with an anti-RET antibody demonstrated that RET only coimdependent manner. Proximal RET signaling events such as receptor complex formation and RET phosphorylamunoprecipitates with GFR␣s after ligand stimulation ( Figure 1A ). The minor amount of RET that immunotion are unaffected when RET is not recruited to lipid rafts. However, mislocalization of activated RET results preciptated with the FLAG-agarose antibody in nontransfected Neuro 2a cells (RET only) represents backin loss of interaction with Src kinases and leads to markedly diminished activation of Akt and MAP kinases.
ground levels similar to that detected in the absence of GFL stimulation in cells transfected with FLAG-tagged Functionally, RET mislocalization results in severe attenuation of neuronal differentiation and survival responses GFR␣1-GFR␣3. Therefore, these data suggest that RET and GFR␣ coreceptors are not preassociated in vivo to GDNF. These data indicate that RET localization to lipid rafts by the GPI-anchored GFR␣ coreceptors is in the absence of ligand but become associated after formation of GFL/GFR␣ complexes. critical for efficient RET signaling by the GFLs. (A) RET becomes detergent-insoluble after stimulation with GDNF when activated by GPI-anchored GFR␣1 (RET/GFR␣1) but not when activated by transmembrane-anchored GFR␣1 (RET/GFR␣1-TM). Triton X-100 insolubility experiments and SDS-PAGE analyses on transfected Neuro 2a cells reveal that GFR␣1 and GFR␣1-TM are expressed at equal levels, but each localizes to a different fraction according to its membrane anchor (bottom panel). Only the GPI-anchored GFR␣1 fractionates as a detergent-insoluble (I) protein and is able to recruit RET to this fraction in the presence of GDNF (top panel). GFR␣1-TM does not display detergent insolubility and cannot recruit RET to the detergentinsoluble (I)/ lipid raft membrane fraction after stimulation with GDNF (n ϭ 4).
(B)
Transmembrane-associated GFR␣1 (GFR␣1-TM) does not disrupt receptor complex formation or RET tyrosine phosphorylation but results in attenuated activation of the MAP kinase and Akt pathways by GDNF. Transfected Neuro 2a cells were stimulated with 30 ng/ml GDNF and harvested in coimmunoprecipitation buffer. Association of RET with GFR␣1 was detected by immunoprecipitation with an anti-FLAG antibody and immunoblotting with an anti-RET antibody. RET phosphorylation quantified by densitometry analysis (n ϭ 4) indicates comparable levels of GDNF-induced RET phosphorylation (fold induction) in RET/GFR␣1 and RET/GFR␣1-TM lysates. GFR␣1-TM does not interfere with the magnitude or the kinetics of receptor complex formation or RET phosphorylation; however, it does mediate attenuated phosphorylation of MAP kinases and Akt compared to RET/GFR␣1 cells (n ϭ 4).
RET Becomes Associated with Detergent-Resistant
the transferrin receptor (TrfR; Smart et al., 1995), which was also detected in this fraction ( Figure 1C ). However,
Membranes and Translocates to Low-Density Fractions in Flotation Gradients
stimulation with GDNF resulted in movement of a significant amount of mature RET to the top (fraction 1) of the after Ligand Stimulation Insolubility in cold nonionic detergents and flotation on flotation gradient, confirming its association with lowdensity lipids and consistent with ligand-dependent redensity gradients are the standard criteria for identification of lipid raft-associated proteins (Hooper, 1997) . To cruitment of RET to lipid rafts. Both the low-density membrane (lipid raft) marker ganglioside GM 1 and the initially examine RET association with lipid rafts in response to GFL stimulation, we isolated Triton X-100-soluble fraction marker (TrfR) were present in the expected fractions of the flotation gradient (Smart et al., soluble and -insoluble membrane fractions from a human neuroblastoma cell line (NBL-S) that expresses 1995). Therefore, these data indicate that GDNF induces RET translocation to lipid rafts, presumably via complex wild-type RET and GFR␣1-GFR␣3 (data not shown) and analyzed them by SDS-PAGE for RET immunoreactivity formation of RET with GFR␣ coreceptors that constitu-( Figure 1B ). In the absence of GDNF, RET was present tively localize to rafts via their GPI anchor. in the soluble membrane fraction of the lysate and was not detected in the insoluble (raft-associated) fraction. induced RET localization to lipid rafts, we disrupted association ( Figure 1A ) and GDNF-induced transloca-GFR␣1 localization/RET recruitment to lipid rafts using tion of RET to lipid rafts. a transmembrane-anchored version of GFR␣1 (GFR␣1-To confirm that RET insolubility was the result of asso-TM). This construct lacks a GPI anchor and consists of ciation with lipid rafts, we examined the subcellular lo-GFR␣1 fused to the transmembrane and cytoplasmic calization of RET in NBL-S cells, using flotation gradients domains of HLA-B44 (Hansbrough et al., 1991). Thereto separate detergent-insoluble, low-density membranes fore, (unlike wild-type GFR␣1) GFR␣1-TM is not ex-(raft-associated proteins) from fully soluble, high-denpected to localize to lipid rafts. Immunoblot analysis of sity membranes (nonraft-associated proteins) and cydetergent-soluble and -insoluble membrane fractions toskeletal proteins. In the absence of GDNF stimulation, with an anti-FLAG antibody revealed that GFR␣1 local-RET remains in the bottom (fraction 7) of the flotation ized to the detergent-insoluble membrane fraction, gradient, indicating full solubilization by detergent, a characteristic of nonraft-associated proteins such as whereas GFR␣1-TM localized to the soluble fraction, (Figure 2B, top) RET, and either FLAG-tagged GFR␣1 or GFR␣1-TM. Imefficient GDNF-mediated neuronal survival requires recruitment of RET to lipid rafts by GPI-anchored GFR␣1. munohistochemical analysis revealed that both FLAGtagged GFR␣1 coreceptors were expressed at comparable levels in EGFP-positive cells and localized to the Activation of RET in trans by Soluble GFR␣1 also Results in Inefficient RET Signaling plasma membrane ( Figure 4A ). CGC require high-potassium (25 mM) plus serum (K25 ϩ S) to survive in vitro, However, since sGFR␣ is not able to localize RET to lipid rafts, we investigated the efficacy of RET signaling and they undergo apoptosis in low-potassium ( Figure 5A , ever, in granule cells transfected with both RET and GFR␣1, GDNF-mediated survival (at 30 ng/ml) in (K5 Ϫ top). However, activation of RET by GFR␣1 in cis at 30 ng/ml GDNF yielded significant increases in both Akt S) was comparable (80%-90%) to that observed when cells were grown in (K25 ϩ S) ( Figure 4B ). Lower concenand MAP kinase phosphorylation ( Figure 5A , middle and bottom), whereas activation of RET in trans by sGFR␣1-trations of GDNF (3 ng/ml) were also able to support survival, albeit at a lower level (30%). Consistent with Fc resulted in attenuated phosphorylation of MAP kinases (20% of the maximal phosphorylation observed results obtained in the neuroblastoma differentiation assay, granule cells transfected with RET and GFR␣1-with RET/GPI-anchored GFR␣1) and no detectable increase in Akt phosphorylation over basal levels (Figure TM displayed diminished survival responses to GDNF (5% at 3 ng/ml and 23% at 30 ng/ml) when compared to 5A). Lower GDNF concentrations (3-10 ng/ml) required very high concentrations of sGFR␣1 (3-10 g/ml) to decells expressing RET/GFR␣1 (30% or 80%, respectively) ( Figure 4B ). Higher concentrations of GDNF (100 ng/ml) tect increases in either MAPK or Akt activation (data not shown). Identical results were obtained with monomeric did not promote greater than 25%-30% survival in RET/ GFR␣1-TM-expressing cells (data not shown). These sGFR␣1 generated by PI-PLC digestion of neuroblastoma cells expressing wild-type GFR␣s (data not data suggest that, as with neuroblastoma differentiation, shown). Therefore, while receptor phosphorylation was 5C). Therefore, despite the finding that RET phosphorylation was comparably activated by sGFR␣1 or GFR␣1 activated to comparable extents by sGFR␣1 in trans coexpressed in cis, the GPI-anchored GFR␣1 yielded and GPI-anchored GFR␣1 in cis, distal signaling pathmuch more efficient activation of downstream signaling ways were much less efficiently activated by GDNF pathways (compared to sGFR␣1) and significantly enwhen RET was activated in trans by soluble GFR␣1, hanced neuronal differentiation and survival responses which is unable to localize RET to lipid rafts.
Disruption of RET Localization to Lipid Rafts
to GDNF, presumably because it is able to localize RET Furthermore, as shown for transmembrane-anchored to lipid rafts. GFR␣1-TM (which is also unable to recruit RET to rafts), GDNF-induced Neuro 2a differentiation evoked by sGFR␣1 is markedly diminished (Figure 5B) . Specifically,
Localization of RET to Lipid Rafts Enhances activation of RET in cis by GFR␣1/GDNF complexes
Its Association with Src Family Kinases induced a dose-dependent 10-fold increase in the numOnly GPI-anchored GFR␣1 but not soluble or transmember of neurite-bearing cells compared to only 2-and brane-anchored GFR␣1 localized RET to lipid rafts in 3-fold increases induced by GDNF and sGFR␣1 (0.1 g/ response to GDNF stimulation ( Figure 1B, 1C, and 2A ). ml and 1.0 g/ml sGFR␣1-Fc, respectively) ( Figure 5B) . Therefore, we reasoned that the enhanced signaling obSimilarly, GDNF-dependent granule cell survival was se- Figure 8A ). This RET translocation en-6). Interestingly, a mutant PDGF receptor chimera, which hances interaction of activated RET with signaling procannot stably associate with and activate Src family teins localized to lipid rafts; we present data demonkinases (e.g., Src, fyn, yes), is compromised in its ability strating that one such interaction is with Src family to catalyze tyrosine phosphorylation of other receptorkinases. Furthermore, RET localization to lipid rafts apassociated signaling molecules (including PLC␥, Ras, pears critical for effective downstream RET signaling, and Shc) and yields submaximal activation of MAPKs as disturbing the GDNF-induced raft translocation of in response to ligand (DeMali and Kazlauskas, 1998). RET by either transmembrane-anchored or sGFR␣1 reTherefore, we speculate that one explanation for the sulted in marked attenuation of downstream kinase acsubmaximal GDNF activation of Akt and MAP kinases tivity (including Akt and MAP kinases) as well as diminresulting from RET mislocalization (Figures 2 and 5) or ished differentiation and survival responses to GDNF. In lipid raft disruption (Figure 7 ) might be attributed to the contrast, proximal events such as receptor complex forlack of significant association between RET and Src mation and receptor phosphorylation were unaffected kinases (which are enriched in lipid rafts) and potentially by these perturbations. This is shown schematically in Figure 8B .
other critical adaptor proteins like Ras, PI3-Kinase, (1:1000, New England Biolabs). Blots were stripped and reprobed fected using Superfect (Qiagen, Santa Clarita, CA) with the indicated with an antibody against total MAPK to confirm equal protein loading expression plasmid for GFR␣1-␣3 with a FLAG epitope inserted of samples. Densitometry analysis was performed as described after the signal sequence by PCR mutagenesis (CMV-FLAG-GFR␣1, above. CMV-FLAG-GFR␣2, or CMV-FLAG-GFR␣3) and 1.0 g pBluescript (Stratagene, La Jolla, CA) vector as carrier for a total of 2.0 g DNA/ Neuroblastoma Differentiation Assay well. Plasmids for rat GFR␣1 and human GFR␣2 and GFR␣3 were Cells were plated at 70,000 cells/well in a 12-well plate. Cells were generated as described previously (Baloh et al., 1997, 1998b; Creetransfected 24 hr after plating with Superfect transfection reagent don et al., 1997). The transmembrane version of GFR␣1 (GFR␣1-(Qiagen) with an EGFP expression plasmid (Clontech, Palo Alto, TM) was generated by PCR mutagenesis by fusing the extracellular CA) alone or cotransfected with EGFP and GFR␣1 or GFR␣1-TM domain of wild-type GFR␣1 from rat at amino acid 428 to the transplasmids described above. The Superfect-DNA mix was prepared membrane and cytoplasmic domains of HLA-B44 at amino acid according to manufacturer's instructions (1.5 g total DNA) and 303 (Hansbrough et al., 1991) with an intervening FLAG epitope added to the cells for overnight (12-16 hr) incubation at 37ЊC. Cells (N-...GLAGADYKDDDDKGSTVPI...-C). Neuro 2a cells were switched were rinsed with standard growth medium, passaged at a ratio of to standard growth medium the morning after transfection and har-1:2, and grown for 3 days in medium supplemented with 1% FBS vested 36 hr later. Cells were deprived of serum for 3 hr and then plus GDNF at the concentrations indicated. In experiments with stimulated with 30 ng/ml of the indicated factor (GDNF, NRTN, or sGFR␣1-Fc (R&D Systems), receptor bodies and GDNF were added ARTN) for 15 min. Cells were lysed on ice in cold coimmunoprecipitasimultaneously to EGFP-transfected cells. The criterion for neuronal tion buffer (50 mM Tris-HCl [pH 7.5], 1% Brij 96, 150 mM NaCl, 1 differentiation was the presence of a neuritic process at least two mM EDTA, 1 mM EGTA, 10 mM NaF, 1 mM Na 2 VO 4 , 1 g/ml leupeptin, somal diameters in length. Quantification of neurite-bearing cells 1 g/ml aprotinin, and 2 mM Pefabloc) and immunoprecipitated were scored blinded in designated fields at the end of 3 days in with an anti-FLAG M2 monoclonal antibody conjugated to agarose triplicate cultures (n ϭ 4). were used to detect expression of GFR␣1 proteins. Cell nuclei were
